In aquatic ecosystems, microbial biogeography research is critical for unveiling the 21 mechanisms of microbial community succession. However, little is known about the 22 48 heterogeneity of bacteria, and caused the dispersal of bacteria to be more stochastically. 49 This study has provided a deeper understanding of the biogeographic patterns of rare and 50 abundant bacterial taxa and their determined processes among interconnected aquatic 51 habitats. 52
microbial biogeography among interconnected lakes. To address this deficit, we used 23 high-throughput sequencing to explore geographic patterns and the relative importance of 24 ecological processes that shape these patterns in abundant and rare bacterial 25 subcommunities from 25 lakes across the middle and lower reaches of Yangtze River 26 basin (MLYB, located in southeast China) , where most of the lakes are interconnected by 27 river networks. We found that there were significant differences in both abundant and 28 rare bacterial subcommunities between the two lake groups that were far from each other, 29 while were no difference among the nearby lakes in each group. Both abundant and rare 30 bacteria followed a strong distance-decay relationship, especially for rare bacteria. These 31 findings suggest that although the interconnectivity between lakes breaks the 32 geographical isolation of bacteria, the dispersal capability of bacterial taxa was still 33 limited by geographic distance. We also found that although deterministic processes and 34 stochastic processes together drive the bacterial subcommunities assembly, the stochastic 35 processes (based on adjusted R 2 in redundancy analysis) exhibited a greater influence on 36 bacterial subcommunities. Our results implied that bacterial dispersal among 37 interconnected lakes was more stochastically. 38 3 Importance 39 Unraveling the relative importance of ecological processes regulating microbial 40 community structure is a central goal in microbial ecology. In aquatic ecosystems, 41 microbial communities often occur in spatially structured habitats, where connectivity 42 directly affects dispersal and metacommunity processes. Recent theoretical work suggests 43 that directional dispersal among connected habitats leads to higher variability in local 44 diversity and among-community composition. However, the study of microbial 45 biogeography among natural interconnected habitats is still lacking. The findings of this 46 study revealed interesting phenomena of microbial biogeography among natural 47 interconnected habitats, suggested that the high interconnectivity reduced the spatial Introduction 53 In aquatic systems, bacteria are the major drivers of nutrient regeneration and energy flow 54 (1, 2), and understanding their spatial diversity and community structure is critical for 55 understanding their relationship with ecosystem functioning (3) (4) (5) . Compared with large 56 animals and plants, bacteria are more complex in their spatial diversities because of their 57 small size, large numbers, and rich biodiversity (6) . A typical phenomenon of most 58 bacterial community compositions (BCCs), is that a few species have numerous 59 individuals, while numerous species have relatively few individuals; the latter is often 60 called the "rare biosphere" (7) . 61 Abundant taxa traditionally considered to be the core groups that performed major 62 ecological functions, and these taxa were therefore intensively studied (8, 9) . However, 63 more recent studies have suggested that rare bacterial taxa also play a key role in global 64 biogeochemical cycles and ecosystem functions (7, (10) (11) (12) . Therefore, the biogeography 65 of both the abundant and rare bacteria needs to be explored rigorously. 66 The major research focus in microbial biogeography is to reveal the biogeographic 67 patterns of microbial taxa, and to explore the driving processes that shape these patterns 68 (9, 13) . Although recent high-throughput sequencing (HTS) studies have provided 69 important insights into microbial biogeography (4), there are still many unresolved 70 problems and disputes (14-16). 71 Debate continues about whether microorganisms have geographic patterns. Early 72 5 studies suggested that organisms less than 1 mm long did not have biogeographic patterns 73 for their strong dispersal capabilities (6), and the classic hypothesis was interpreted as 74 'everything is everywhere' (17). However, the recent evidence contradicts this, and shows 75 that BCCs are indeed regularly distributed in time and space (16). 76 A second debate concerns the processes that shape microbial biogeography. Growing 77 evidence supports that both deterministic (environmental and spatial selection-related) 78 and stochastic (dispersal-related) ecological processes determine the BCCs (13). 79 Deterministic processes mean that the composition and relative abundance of species are 80 determined by certain abiotic and biotic factors (18) (19) (20) . For example, salinity is the main 81 factor influencing the global diversities and spatial distribution patterns of 82 microorganisms, according to Lozupone and Knight (21) and Caporaso et al. (22) . Other 83 studies, in aquatic systems, suggest that deterministic processes such as elevation gradient, 84 salinity, and land use, are the main constraints affecting the high-level heterogeneity of 85 bacterial diversities and biogeographic patterns (9, (23) (24) (25) . Stochastic processes also can 86 explain the biogeographic patterns of bacteria. For instance, Chen et al. (26) revealed that 87 the planktonic community in four marine ecosystems, around Xiamen island in southeast 88 China, was well explained by stochastic processes. At a large spatial scale, Mo et al. (27) 89 reported that in three subtropical bays of China, stochastic processes has a slightly greater 90 influence on both abundant and rare subcommunities than did environmental selection 91 (deterministic processes). 92 Abundant and rare bacterial taxa are differentiated from each other by two key 93 6 significant differences that may influence their geographic patterns: (1) They have 94 different community structures and relative abundances, and may experience different In natural conditions, however, some habitats are interconnected with each other 115 without significant bias. Few studies have reported the biogeographic patterns of bacteria 116 among interconnected aquatic habitats, and these studies are focused on the ocean or the 117 marine bays (26, 27) . The bacterial biogeography among interconnected lakes is still little 118 known. Therefore, understanding the diversity and biogeographic patterns of bacteria 119 among interconnected lakes will aid our understanding of microbial biogeography, and 120 reveal more information about the ecological processes and mechanisms that underlie and 121 maintain ecosystem function in the terrestrial-aquatic ecosystems. 122 An intriguing area for study is in the east of China, namely the middle and lower 123 reaches of the Yangtze River Basin (MLYB), which is low and flat, and covered by 124 hundreds of shallow lakes and intricate river networks (34). Some of the nearby lakes are 125 connected by river networks, especially in the wet season. More importantly, with the 126 frequent change of regional water level in the wet season, there is a mutual hydraulic 127 exchange among these lakes. Considering the special relationship among the lake habitats, 128 in our present study we hypothesize that: (1) the high connectivity within and among 129 lakes reduces regional differences of geographic patterns of abundant and rare bacterial 130 taxa, but the bacterial dispersal still limited by geographical distance, (2) the "rare 131 biosphere" with numerous taxa but few individuals in each taxon, are more likely to 132 change in the process of dispersal than are the few taxa with abundant bacteria (35); and 133 (3)in connected lakes, stochastic processes exhibited a greater influence on the 134 geographic pattern of bacteria than do deterministic processes.
135

Results
136
The division of abundant and rare taxa, and multivariate abundance cutoff 137 In total, 720,326 high-quality sequences were recovered, with a mean of 28,813 ± 4,218 138 per sample, which clustered into 9,847 OTUs. At regional and local levels, 468,822 139 sequences (65.1%), representing 81 (0.8%) OTUs were classified as abundant, while 140 21,083 (2.9%) sequences, representing 6,788 (68.9%) OTUs were classified as rare 141 (Table S1 ).
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Among all lake samples, no single OTU was abundant (> 1%) in all samples; only two 143 OTUs (including 97,781 sequences) with > 1% abundance were present in > 70% of the 144 samples, and 49 OTUs (including 26,319 sequences) were classified as being abundant in 145 only one lake. Among all lake samples, 6,238 OTUs (91.9% of the total) were classified 146 as always rare, and 3,086 OTUs (including 95,443 sequences) with < 0.01% abundance 147 were present > 70% of the samples (Fig. S1 ). 148 The result of MultiCoLA shown that little variation in both the Spearman and 149 Procrustes correlations after removal of more than 40% of the rare part of the original 150 data and the truncated data sets. In addition, when the number of rare types increased to 151 5%, the data structure of the truncated matrices exhibited a little variation ( Fig. S2 ). This Geographic patterns of the bacterioplankton community 155 Geographic patterns of abundant and rare bacterial communities had significant positive 156 correlation, both dividing two similar clusters ( Fig. S3 , P < 0.01). We found that seven 157 lakes around Lake Taihu (TH) were clustered together (Cluster1), and the remaining lakes 158 were divided into another cluster (Cluster2). Notably, we found that the two clusters were 159 not divided by the middle and the lower reaches ( Fig. 2a, S3 ). In addition, linear 160 regression analysis showed that with increasing geographic distance, the dissimilarities in 161 both abundant and rare communities were increased. Spearman's correlation analysis 162 gave a correlation coefficient of 0.587 (Mantel test, P < 0.01) between geographical 163 distance and the dissimilarity of all bacterial taxa. The Spearman's correlation 164 coefficients for abundant and rare bacterial taxa were 0.586 (P < 0.01) and 0.438 (P < 165 0.01), respectively ( Fig. 2b ). This phenomenon also suggested that lakes that were closer 166 to each other presented more similar BCCs than lakes that were more distant from each 167 other. Moreover, within the geographic distance, the community dissimilarity coefficient 168 of rare taxa was larger than that of abundant taxa, which indicated that the structure of 169 rare taxa changes more markedly with increasing distance than is the case for abundant 170 taxa (Fig. 2b) 
171
The relationship between bacterial mean relative abundance and their sites occupied 172 The bacterial mean relative abundance, for both abundant and rare taxa, was significantly 173 positively correlated with sites occupied (abundant taxa r = 0.409, rare taxa r = 0.693, P < 10 0.01) (Fig. 3) . The majority of abundant OTUs occupied > 50% of sampling sites, but all 175 rare OTUs occupied < 50% of sampling sites (Fig. 3 Proteobacteria was the most abundant group, accounting for 6.6% of all clean reads; then 184 followed by β-Proteobacteria, γ-Proteobacteria, TA18, and δ-Proteobacteria, their 185 relative abundances were 6.4%, 3.5%, 1.5%, and 1.3%, respectively ( Fig. S4 ). 186 Across all samples, the community structures of both abundant and rare taxa at the 187 phylum level have certain differences. (1) The rare taxa have more species than abundant 188 taxa ( Fig. 4) . (2) as follows: Actinobacteria (abundant 60.7 ± 10.4% vs rare 24.9 ± 8.1% (mean ± s.e.)), 193 Verrucomicrobia (10.0 ± 7.6% vs 4.2 ± 2.0%), α-proteobacteria (3.4 ± 4.4% vs 194 11 10.2±3.1%), β-proteobacteria (4.4 ± 4.9% vs 9.4 ± 5.3%), γ-proteobacteria (2.1± 1.8% vs 195 6.8 ± 3.1%)，Planctomycetes (6.4 ± 6.0% vs 8.0 ± 3.7%), Bacteroidetes (3.2 ± 3.7% vs 196 11.1 ± 8.4%), TM7 (4.5 ± 7.8% vs 2.9 ± 2.5%), Chlorobi (3.5 ± 4.0% vs 3.7 ± 2.9%), and 197 TA18-proteobacteria (1.3 ± 1.7% vs 2.3 ± 2.2%). Moreover, there were several phyla that 198 showed high relative abundance in rare taxa only, such as δ-proteobacteria (5.2 ± 2.9%), 199 Acidobacteria (1.9 ± 1.3%), and Firmicutes (1.5 ± 0.8%). And a total of 5.4±3.1% groups 200 were occupied by large numbers of low abundance phyla ( Fig. 4 ).
201
The relative contribution of deterministic and stochastic processes in the assembly of 202 abundant and rare taxa 203 After analysis, 14 physicochemical variables (Table S2 ) and 6 significant PCNMs 204 (PCNM1-6, P < 0.05) were subject to RDA, CCA, and VPA analyses. The Mantel results 205 revealed that both environmental variables and spatial variables had a significant effect 206 on bacterial sub-communities. Abundant bacterial communities were primarily driven by 207 environmental variables, contrasting with rare bacterial sub-communities which were 208 primarily driven by spatial variables (Table 1) . 209 The RDA ordination showed that the change of the abundant bacterial sub-community 210 was significantly related to two environmental variables (Temp and Chl a) and one spatial 211 factor (PCNM1) (by forward model selection) (Fig. 5a ). In contrast, the changes in the 212 rare bacterial sub-community taxa were significantly related to the same environmental 213 variables (Temp and Chl a) but more spatial factors (PCNM1and PCNM2) (Fig. 5a ). 214 
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The result of VPA showed that deterministic processes, namely environmental 215 variables (E) and spatial distance (S) , accounted for 35.7% of the abundant bacterial taxa 216 variations; the part accounted for by E and S together was 27.2%. Abundant bacterial taxa 217 were determined by environmental variables, which accounted for 31.8% of the abundant 218 taxa variation (Fig. 5b) . For rare bacterial taxa, however, deterministic processes 219 (including E and S) only accounted for 7.2% of the variations. The spatial variable was 220 the dominant driver, explaining 6.4% of the rare taxa variation (Fig. 5b) . 221 In addition, the S alone can explain 3.9% and 1.6% of the abundant and rare variation, 222 respectively. It was notable that a large proportion of bacterial taxa variations were not 223 explained by deterministic processes, especially for rare species. 224 To explore the effects of the stochastic process on bacterial geographic patterns, the 225 neutral model was employed in our study. The result showed that the neutral model 226 explained a large fraction (R 2 = 52%) of the variation of all bacterial taxa (Fig. 6 ). communities. Interestingly, we found that there is a relatively large geographic distance 256 between the lakes in cluster1 and cluster2 (Fig 2a) . In this scenario, the dispersal of 257 bacteria between the lakes in cluster1 and cluster2 may be more difficult. A similar 258 phenomenon also reported in some large-distance marine bays in China (27) . 259 However, the ordination of the lakes in each cluster is scattered (Fig 2a) . In MLYB, 260 many nearby lakes are connected by intricate river networks, which provide pathways for 261 bacterial dispersal, and break the geographical isolation among lakes. In particular, our 262 samples were collected during the wet season, when high water levels ensured that most 263 lakes were fully connected through the river networks. Furthermore, there was no 264 significant hydrodynamic bias among these lakes, as they are locating in plain areas. In 265 this scenario, the dispersal of bacteria among different lakes is likely to be more 266 randomly. More importantly, contrary to the biased connectivity, the spatial heterogeneity 267 of bacterial diversities among interconnected lakes is reduced (32, 33). 268 Further, some studies have reported that the rare bacterial biosphere may be 269 significantly correlated with abundant taxa, (rather than being a random collection of taxa) 270 (9, 13, 27) . The results of our present study, in particular, the correlation of geographic 271 patterns between abundant and rare bacteria, supported this contention: we found similar 272 biogeographic patterns of rare and abundant taxa (Fig. S3, r=0 .873, P < 0.01). Our 273 present study indicates that even in interconnected lakes, rare bacteria might in a similar 274 manner as abundant ones in responding to dispersal processes or environmental changes 275 15 (9, 35) . 276 We also report that in the MLYB, both abundant and rare bacterial taxa had a 277 significant distance-decay relationship (Fig. 2b) . Some recent studies reported that the there was no significant increase in environmental variability with geographic distance. 286 This result may be explained by bacterial individuals tending to colonize nearby sites (38). 287 In this scenario, the distance-decay relationship would be directly related to the spatial 288 scales among habitats, and would still emerge among different habitats with the same 289 environmental conditions or niche requirements (39). The geographic distance between 290 the lakes in each cluster was less than that between the three marine bays studied by Mo 291 et al. [26] . Correspondingly, the smaller is the geographic distance between regions, the 292 higher is the similarity of the community composition. The small geographic distance 293 between lakes in each cluster may explain why our results are similar to those of Tang et 294 al. [11] . On the contrary, the geographic distance between the lakes in cluster1 and 295 cluster2 is much larger. The large spatial distance might lead to differences of bacterial 296 16 subcommunities between the two regions. 297 We also found that the community dissimilarity increased more significant for rare 298 bacteria with the increasing of geographic distance than it did for abundant bacteria. Our in only a few sampling sites (Fig. 3) . Further, consistent with Mo et al. (27), we found 302 that the biodiversity patterns between abundant and rare taxa are largely different (at 303 phylum level) (Fig. 4) . The abundant taxa showed relative few community compositions 304 and high relative abundance, whereas the rare taxa had complex community composition 305 and low relative abundance (Fig. S1, Fig. 4 ). Liu et al. (13) Improved understanding of these topics will help us to reveal the reasons for particular 313 biogeographic patterns, and allow prediction of the community succession in the habitat. 314 Study of relevant deterministic processes may focus on ecological selectors as limiting 315 factors, including nutrients, land use, and habitat connectivity (1, 9, 29) . However, spatial 316 variation in the BCCs is also influenced by stochastic processes, such as dispersal 317 limitation, successional stages, and random effects (40). 318 Previous research works have highlighted two key areas for which further study is 319 needed (27, 41) . First, few studies have investigated the influence of both deterministic 320 and stochastic processes on the biogeographic pattern of bacteria. Second, the unexplored 321 topic of the influence of both deterministic and stochastic processes on the biogeographic 322 pattern of bacteria in interconnected lakes. So, to address these deficits, in our present 323 study, we focused on these unexplored problems, and tried to reveal the rules of bacterial 324 biogeography among interconnected terrestrial waters. 325 We used ecological statistical methods (forward selection) to verify the correlation 326 between deterministic variables (environmental and spatial variables) and the spatial 327 distribution of abundant and rare bacterial taxa (42). We found that only two 328 environmental factors (Temp, Chl a) were significantly related to the spatial distribution 329 of abundant and rare taxa subcommunities (Fig. 5a ). These environmental variables 330 exactly reflected the habitat requirements of bacteria in this area. Most of the lakes in the 331 MLYB are suffer from mesotrophic or eutrophic (43), with extremely high phytoplankton 332 and Chl a values. The formation of phytoplankton directly provides energy and materials 333 for the growth and metabolism of bacteria (1), so that determines the bacterial 334 biodiversity. In addition, the temperature is critical for maintaining bacterial growth and 335 metabolic activity. Therefore, the change in temperature systematically altered the 336 relationship between biodiversity and ecosystem functioning (44) (45) (46) . We notice that 337 18 although our samples were collected at the same time, the surface water temperature has 338 changed greatly during the rainfall process. Across all lakes, the maximum temperature 339 difference reached 9.55℃ (Table S2 ). Large temperature difference might be another 340 important reason for the bacterial spatial heterogeneity. 341 We found that both environmental and regional variables were significantly related to 342 community structures of abundant and rare bacterial taxa (Table 1) , and that these two 343 variables together explained a large proportion of bacterial distributions (Fig. 5b) . The 344 spatial variables explained more variation of rare bacterial community than did the 345 environmental variables (Fig. 5b) . In contrast, the environmental variables explained 346 more variation of the abundant bacterial community than did the spatial variables ( Fig.   347 5b). This result was consistent with the Mantel tests for the correlation between 348 community similarity and local environmental and regional factors using Spearman's 349 coefficient (Table 1) . 350 We note that a contrasting result was reported from marine bays by Mo et al. (27) . 351 These authors reported that while environmental and spatial variables together explained 352 a large part of the variations in abundant communities, they explained little of the 353 variations in rare communities. They suggested that purely environmental components 354 were slightly less influential contributors than the purely spatial variables in regulating 355 the assembly of both abundant and rare subcommunities. 356 The discrepancy between our present work and that of Mo et al. [26] may be explained 357 in two aspects. Firstly, we hold that interconnectivity among lakes leads to a frequent 358 19 exchange of energy and environmental variables, and reduces the heterogeneity of 359 environment among nearby lakes (Fig. S5 ). Secondly, with low relative abundance, the 360 rare taxa, were influenced by spatial variables more strongly than were the abundant taxa 361 (Fig. 2b) . 362 In addition, we hold that the interconnectivity among lakes leads to the dispersal of 363 bacteria in different habitats to be more stochastic than deterministic, especially for rare 364 bacteria. Thus, the contribution of environmental and spatial variables to the geographic 365 pattern of bacterial communities were quite low, especially for rare species (Fig. 5b ). Our 366 result was consistent with several recent studies on different interconnected marine bays, 367 and their abundant and rare subcommunities (26, 27, 37) . However, in contrast to the 368 isolated lakes, which indicated that abundant and rare bacterial taxa were strongly 369 influenced by the deterministic process, and only weakly influenced by the stochastic 370 process (9). 371 The NCM analysis showed that stochastic process explained a large fraction (R 2 =52%) 372 of the variation of all bacterial taxa in the interconnected lakes in the MLYB (Fig. 6 ), 373 consistent with similar studies on the bacterial subcommunities of interconnected marine 374 bays (26, 27, 37) , but contrasting with the situation in isolated lakes (9). These results 375 indicate that the interconnectivity among habitats increases the randomness of bacterial 376 dispersal. Two main reasons could support our result: (1) most of the lakes were 377 interconnected by numerous river networks so that the flow of water among these lakes 378 was not a significant bias; and (2) bacteria cannot avoid adverse conditions or seek 379 20 favorable environments, in contrast to larger aquatic animals. Moreover, this result was 380 also consistent with our finding of the no regional differences of bacteria. In addition, 381 there was still a large amount of unexplained variation that could be attributed to other 382 biotic or abiotic variables than the ones mentioned in this paper.
383
Conclusions
384
This study has provided a deeper understanding of the biogeographic patterns of rare and 385 abundant bacterial taxa and their determined processes among interconnected aquatic 386 habitats. Our conclusions strongly support our hypotheses, we interestingly found that the 387 high connectivity within and among lakes reduces regional differences of geographic 388 patterns of abundant and rare bacterial taxa, especially among nearby lakes. However, 389 there were significant differences in both abundant and rare bacterial subcommunities 390 between the two lake groups that were far from each other. This phenomenon was 391 consistent with the result that both abundant and rare bacteria followed a strong 392 distance-decay relationship. In addition, the "rare biosphere" with numerous taxa but few 393 individuals in each taxon, were encountered more dispersal limitation and followed a 394 stronger distance-decay relationship. Furthermore, deterministic processes and stochastic 395 processes together drive the bacterial subcommunities assembly, but stochastic processes 396 exhibited a greater influence on the biogeography of bacterial communities among the 397 interconnected aquatic ecosystem. 398 
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Materials and methods
399
Study area and sample collection 400 With a total area of 18,400 km 2 , the MLYB has more than 600 lakes larger than 1 km 2 401 (47). These lakes are vital to both regional economic development and ecological stability 402 (48, 49) . However, due to heavy external pollutant inputs from local and upstream areas, 403 most of these lakes are polluted, and many are eutrophic (50). There is a strong hydraulic 404 disturbance and exchange among lakes, due to the area's location in the subtropical 405 climatic zone, with distinct dry and wet seasons. 406 The MLRB is divided into the middle reaches (MR) and the lower reaches (LR) by the 407 city Hukou (51). Field work was conducted in July 2016. We randomly selected 25 lakes 408 in the MR and the LR from which to collect water samples ( Fig. 1, and Table S1 ). At each 409 lake, one surface water sample (from the top 50cm of the water column) was collected 410 with a 5 L sterilized polypropylene bottles at the lake center. All water samples were 411 transported to the laboratory in dark cooling boxes and processed for physicochemical 412 analyses and bacterial community analyses as soon as possible. 
